Our previous study has shown that basal cells sense luminal factors by forming a narrow body projection that can cross epithelial tight junctions. As a first step toward characterizing the structural plasticity of basal cells, in this study, we followed their appearance and morphology in the rat epididymis and vas deferens (VD) during postnatal development and examined their modulation by androgens in adulthood. Immunofluorescence labeling for cytokeratin 5 showed that basal cells are absent at birth. They progressively appear in a retrograde manner from the VD and cauda epididymis to the initial segments during the postnatal weeks PNW1-3. At the onset of differentiation, basal cells are in contact with the lumen and their nucleus is located at the same level as that of adjacent epithelial cells. Basal cells then position their nucleus to the base of the epithelium, and while some are still in contact with the lumen, others have a 'dome-shaped' appearance. At PNW5-6, basal cells form a loose network at the base of the epithelium, and luminal-reaching basal cells are rarely detected. The arrival of spermatozoa during PNW7-8 did not trigger the development of projections in basal cells. However, cells with a narrow luminalreaching projection began to reappear between PNW8 and PNW12 in the corpus and the cauda. Treatment with flutamide from PNW10 to PNW12 significantly reduced the number of luminalreaching basal cell projections. In summary, basal cells exhibit significant structural plasticity during differentiation. Fewer apical-reaching projections were detected after flutamide treatment in adulthood, indicating the role of androgens in the luminal-sensing function of basal cells.
Introduction
The epididymis is an important organ in the male reproductive tract that performs a variety of functions including sperm concentration, maturation, protection, and storage. Passage through this organ is, therefore, necessary for sperm to acquire their mobility and fertilizing ability (Orgebin-Crist et al. 1975 , Robaire & Hermo 1988 , Turner 1995 , Cornwall 2009 ). These functions are carried out by the pseudostratified epithelium lining the highly convoluted tubule that forms the epididymis. This epithelium comprises several cell types that establish a changing luminal environment along the length of the epididymal tubule (Robaire & Hermo 1988 , Turner 1991 , 2002 , Wong et al. 2002 , Shum et al. 2011 . At least four cell types have been described in the epididymal epithelium: basal, clear, narrow, and principal cells (Sun & Flickinger 1979 , Hermo & Robaire 2002 . Principal cells are mainly responsible for fluid transport and nutrient secretion (Robaire & Hermo 1988 , Hermo & Robaire 2002 , Wong et al. 2002 . Our laboratory has shown that narrow and clear cells secrete protons via the vacuolar H + -ATPase (V-ATPase) and contribute to the acidification of the lumen, a process that is critical for sperm maturation and viability (Breton et al. 1996 , Brown & Breton 2000 , Pastor-Soler et al. 2005 , Breton & Brown 2007 , Shum et al. 2009 ). The function of epididymal basal cells is less well documented, although several roles have been proposed, including protection of the epithelium from potentially harmful electrophiles (Veri et al. 1993 , Hermo et al. 1994 or from elevated temperatures (Legare et al. 2004) , transepithelial fluid transport via aquaporin 3 (Hermo et al. 2004) , immune defense (Yeung et al. 1994 , Poulton et al. 1996 , Li et al. 2010 , and paracrine regulation of principal cell secretion via PGE 2 signaling (Leung et al. 2004 , Cheung et al. 2005 . The different morphological characteristics of the basal cells indicate that they are highly plastic, varying from a dome-shaped cell that nestles at the base of epithelial cells to a cell that extends a long and narrow body projection between adjacent epithelial cells in the direction of the lumen (Veri et al. 1993 , Robaire & Viger 1995 , Shum et al. 2008 . In addition, we have recently shown that these 'luminal-reaching' basal cell extensions can cross the tight junctions (TJs) to scan the luminal environment and that basal cells then communicate their findings to neighboring proton-secreting clear cells (Shum et al. 2008) . These results provided evidence for the presence of a novel crosstalk between basal cells and clear cells to control acidification of the lumen in the epididymis.
Currently, very little is known about the factors that control the morphological plasticity of basal cells. The epididymis of several species including humans and rodents is immature at birth and epithelial cells acquire their differentiated phenotypes over an extended postnatal period (Nilnophakoon 1978 , Sun & Flickinger 1979 , Zondek & Zondek 1980 , Francavilla et al. 1987 , De Miguel et al. 1998 , Rodriguez et al. 2002 , Marty et al. 2003 . Based on morphological studies, the postnatal development of the rat epididymis has been divided into three phases, namely an undifferentiated period (days 1-15), a differentiation period (days 16-44) , and a period of expansion (days beyond 44) (Sun & Flickinger 1979) . We previously reported that markers specific for principal cells (AQP9) and narrow and clear cells (V-ATPase) in rats are undetectable at birth and begin to be expressed during the second postnatal week (PNW2; Breton et al. 1999 , Pastor-Soler et al. 2001 , Da Silva et al. 2006 , consistent with the notion that the epididymal epithelium is undifferentiated at birth. Based on immunoreactivity studies carried out for the Yf subunit of glutathione Stransferase P (Yf-GST), a few basal cells have been reported to first appear at postnatal day 21 in the corpus region (Hermo et al. 1994) . The transcription factor p63 (also known as TP63 or TPR63), which is essential for the differentiation and maintenance of basal cells in several tissues including the epididymis (Murashima et al. 2011) , has been detected as early as postnatal day 10 in the vas deferens (VD; Atanassova et al. 2005) , at postnatal days 14-18 in the cauda region, and at postnatal day 18 in the caput of rats (Hayashi et al. 2004 , Atanassova et al. 2005 . Analysis of conditional knockout mice in which the androgen receptor was deleted in the Wolffian duct revealed a reduced expression of p63 in the epididymal epithelium when measured at postnatal day 35, indicating an early role of androgen in the establishment of basal cells (Murashima et al. 2011) .
As a first step toward understanding the factors that regulate the structural plasticity of basal cells, in this study, we followed their appearance and morphology during postnatal development in the rat epididymis. In adult rats, the integrity and function of the differentiated epididymal epithelium are tightly regulated by androgens (reviewed in Robaire & Hamzeh (2011) ). We, therefore, examined the role of androgens in the regulation of the novel luminal-sensing property of basal cells in sexually mature rats after treatment with the androgen receptor antagonist flutamide.
Materials and methods

Animals
All animal studies were in compliance with the Institutional Animal Care and Use Committees of the Massachusetts General Hospital and in accordance with National Institutes of Health and Accreditation of Laboratory Animal Care requirements. Sprague Dawley rats were acquired from Charles River Laboratories (Wilmington, MA, USA).
Flutamide treatment
Ten rats at PNW10 (74 days of age; weight ~400 g) were divided into a control group and a flutamide-treated group. The rats were treated at a dose of 50 mg/kg per day for 2 weeks, as reported previously (Imperato-McGinley et al. 1992 , O'Connor et al. 2002 , Atanassova et al. 2005 . Two flutamide tablets (200 mg/pellet), designed to release flutamide continuously for 21 days (Innovative Research of America, Sarasota, FL, USA), were implanted subcutaneously into the lateral side of the neck of each rat. Since the weight varied slightly among the rats, the calculated dose of flutamide ranged between 44 and 48 mg/kg per day. A sham procedure was carried out in control rats. Two weeks after implantation, epididymis, testis, and sex accessory glands were harvested, as described below.
Tissue fixation and preparation
Adult male rats and rat pups older than 3 weeks were anesthetized with sodium pentobarbital (80 mg/kg body weight, i.p.). The rats were perfused via the left ventricle with PBS and then with a paraformaldehyde-lysine-periodate (PLP) fixative containing 4% paraformaldehyde, 10 mM sodium periodate, 75 mM lysine, and 5% sucrose in 0.1 M sodium phosphate buffer, as described previously (Breton et al. 1999 , Shum et al. 2008 . The male reproductive organs were harvested and further fixed by immersion in PLPovernight. Pups younger than 2 weeks were anesthetized with an overdose of isoflurane, and male reproductive organs were harvested and fixed by immersion in PLP overnight. Tissues were then washed three times with PBS and stored at 4 °C in PBS containing 0.02% Na azide. Epididymides were cryoprotected in PBS with 30% sucrose for at least 4 h at room temperature or overnight at 4 °C, embedded in Tissue-Tek OCT compound (Sakura Fintek, Torrance, CA, USA), and mounted and frozen on a cutting block. Epididymal sections were cut in a microtome (Leica CM3050-S, Leica Microsystems, Bannockburn, IL, USA) at 5-25-µm thickness and placed on Superfrost Plus microscope slides (Fisher Scientific, Pittsburgh, PA, USA) and stored at −4 °C until use.
Immunofluorescence staining procedure and antibodies
Single-and double-immunofluorescence labeling was carried out as described previously (Breton et al. 1999 , Shum et al. 2008 . For routine staining, epididymal cryo-sections were hydrated in PBS for 5 min and incubated in PBS containing 1% SDS for 4 min, followed by three washes with PBS . Non-specific binding was blocked by incubation with 1% BSA in PBS for at least 10 min at room temperature. The samples were then incubated with primary antibodies for at least 60 min at room temperature or overnight at 4 °C. After two washes with high-salt PBS (PBS containing 2.7% NaCl) and one wash with PBS, the sections were incubated with secondary antibodies for at least 60 min at room temperature. For sections thicker than 10 µm, the incubation time for both primary and secondary antibodies was extended up to 3 h at room temperature or overnight at 4 °C. The slides were washed as had been done for the primary antibodies and mounted in Vectashield medium (Vector Labs, Burlingame, CA USA) with or without 4′,6-diamidino-2-phenylindole (DAPI) to label the nucleus.
For basal cell identification, a rabbit MAB against the C-terminus of KRT5 (1:200) (Thermo Scientific, Rockford, IL, USA) and a mouse MAB against human cytokeratin 5/6 (DAKO Cytomation, Carpinteria, CA, USA) were applied. An antigen retrieval technique using three to four microwave treatments of 1-2 min with 5-min intervals, in a buffer containing 10 mM Tris and 1 mM EDTA (pH 9.0), was used to reveal KRT5 staining. For sections of 12-µm thickness or more, 1% saponin was included in all the incubation steps. A rat monoclonal anti-ZO1 antibody (R40/76) (1:10 dilution), provided by Eveline Schneeberger (Department of Pathology, Massachusetts General Hospital), and a rabbit polyclonal antibody against claudin-1 (Zymed, Life Technologies, Grand Island, NY, USA; 1:200 dilution) were also used as published previously (Shum et al. 2008) . For clear cell identification, affinitypurified rabbit or chicken polyclonal antibodies against the B1 subunit of V-ATPase (B1-VATPase) (diluted 1:1000) were used as published previously (Breton et al. 1999 , Shum et al. 2008 . All secondary antibodies used in this study were affinity purified and were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). FITC-and CY3-conjugated donkey or goat anti-rabbit IgG; FITC-, CY3-, and CY5-conjugated donkey antichicken; and FITC-and CY3-conjugated goat anti-mouse IgG. All the antibodies were diluted in Dako antibody diluent (Dako).
Microscopy and image analysis
Conventional immunofluorescence images were obtained using a Nikon Eclipse E90i advanced automated microscope system, equipped with an Orca-100 CCD camera (Hamamatsu, Bridgewater, NJ, USA), and the NIS-Elements software. Mosaic images were obtained using the automated module of the Nikon Eclipse 90i microscope. For widefield three-dimensional (3D) reconstruction, Z-series images were taken with a Nikon 90i microscope. For confocal 3D reconstruction, Z-series images were taken withaNikon A1 R microscope using the NIS-Elements software. The Z-stack images were then imported into the Volocity software (version 5.1) for final animations and exported as TIFF projection pictures or as QuickTime movies. The final presentation of the projection pictures was made using the Adobe Photoshop software, and the levels command was used to adjust the entire images to represent the raw data visualized under the microscope.
For basal cell quantification, 12-µm epididymal sections from the control and flutamidetreated groups were used, and a 10-µm stack of Z-series of widefield immunofluorescence images was acquired at 2-µm intervals using the 90i Nikon microscope with a 20× objective. Images were processed and 3D-reconstructed using the Volocity 5.1 software. Quantification was carried out on the projected stack of images. Each data set represented four images per rat, with three rats per group.
Statistical analysis
The epididymides of at least three rats were examined per time point and three cryostat sections were analyzed for each epididymis, unless otherwise stated in the text. Comparisons between multi-groups were made by Student's t-tests (for studies including only two groups: e.g., flutamide treatment) or by two-way ANOVA followed by Bonferroni's post hoc test using the Prism 5 software (La Jolla, CA, USA). All tests were two-tailed unless otherwise stated, and the limit of statistical significance was set at P=0.05.
Results
Cytokeratin 5 is a marker of epididymal basal cells
Cytokeratin 5 is a putative basal cell marker in pseudostratified epithelia (Gusterson et al. 2005 , Rock et al. 2009 ), and we confirmed in this study that it labels basal cells in the epididymis. Confocal immunofluores-cence pictures (Fig. 1A , B, and C) showed that basal cells in the epididymis of adult rats, identified by their expression of claudin-1, a known marker of basal cells in the epididymis (Gregory et al. 2001 , Shum et al. 2008 , also express high levels of intracellular KRT5. A higher magnification 3D reconstruction picture showed that claudin-1 is highly expressed in the membrane of basal cells and is also present at lower levels in the TJs, whereas KRT5 is exclusively expressed in the cytoplasm of basal cells (Fig. 1D ). Consistent with previous observations (Veri et al. 1993 , Robaire & Viger 1995 , Shum et al. 2008 , numerous basal cells in the corpus epididymidis have a narrow body projection that extends toward the lumen and some of these projections reach the TJs (arrows in Fig. 1C and D). No labeling was obtained when the KRT5 primary antibody was omitted (data not shown). Having determined that KRT5 is a specific marker of basal cells in the epididymis, we then followed their appearance and morphology during postnatal development in epididymal sections labeled for KRT5.
PNW1-3
Mosaic images representing the proximal VD and entire epididymis of rats during early postnatal development showed a progressive 'ascending' appearance of basal cells, identified by their positive labeling for KRT5, from the VD at the end of PNW1 ( Fig. 2A ; arrows) to the distal cauda epididymis at the end of PNW2 ( Fig. 2C ; arrows) and in most regions of the epididymis at the end of PNW3 ( Fig. 2D and E) . Only occasional basal cells were detected in the proximal cauda, corpus, and caput at PNW2 ( Fig. 2B and C) . Labeling for COX-1 or claudin-1, two other markers of basal cells (Gregory et al. 2001 , Cheung et al. 2005 , Shum et al. 2008 , showed similar labeling patterns (data not shown).
Higher magnification images showed that, at PNW1 (day 7), basal cells formed a continuous layer at the base of the epithelium in the VD (Fig. 3A) . In agreement with our previous studies (Breton et al. 1999) , the VD also contained numerous clear cells labeled for VATPase in their apical pole. At this early time point, basal cells in the VD showed variable morphological patterns (Fig. 3A, inset ): while most cells had a dome-shaped appearance and were entirely located at the base of the epithelium, others had a long and narrow body projection that extended between adjacent epithelial cells toward the luminal border of the epithelium (arrows). In the distal cauda epididymidis, basal cells (arrow) and clear cells (arrowheads) were only occasionally detected (Fig. 3A′) , and both cell types were still absent in the proximal cauda epididymidis (Fig. 3A″ ) and more proximal regions of the epididymis (data not shown). On day 10, the distal cauda was populated with many basal cells (Fig. 3B and B′) . Similarly to that observed at earlier time points in the VD, basal cells exhibited several morphological patterns: some basal cells had a morphological appearance resembling that of adjacent columnar epithelial cells (arrows), some had their nucleus located in the basal pole of the epithelium and extended long and narrow body projections toward the lumen (arrowheads), and some were dome shaped entirely located underneath other epithelial cells (double arrows). At PNW2 (day 14), basal cells formed a continuous network covering the base of the epithelium in the distal cauda epididymidis (Fig. 3C) . Interestingly, in the proximal cauda ( Fig. 3C ; inset) and the caput ( Fig. 3C′ and inset) where only rare differentiated cells started to appear, all basal cells had a morphological appearance similar to that of adjacent columnar epithelial cells (inset). At this time point, VATPase-positive clear cells were highly abundant in the distal cauda and less abundant in the proximal cauda and the caput.
Epididymis at PNW3-6
As shown in Fig. 4 , basal cells continued to appear progressively in an ascending pattern from the distal regions (cauda) to the more proximal regions of the epididymis (corpus, caput, and initial segments) from PNW3 to PNW6. By PNW5, numerous basal cells formed a continuous layer at the base of the epithelium in all the regions, except in the initial segments, where some tubule regions devoid of basal cells were still detected ( Fig. 4O ; arrowheads). Interestingly, the morphology of basal cells became more uniform as the epididymis matured, and by PNW5 and PNW6, only rare basal cells with a luminal-reaching projection were still detected (arrows in Fig. 4O , R, and S). Some cells were detected in the lumen, and several of them were weakly labeled for V-ATPase, indicating shedding of clear cells (Fig. 4M , N, and T, asterisks).
In agreement with previous studies (Veri et al. 1993 , Robaire & Viger 1995 , basal cells extended lateral body projections underneath adjacent epithelial cells, and at PNW5, they formed a remarkable network covering a large area of the base of the epithelium ( Fig. 5A and B; see Supplementary Movies S1 and S2, see section on supplementary data given at the end of this article). A similar 'loose' basal cell network was also detected in adult rats ( Fig.  5C ; also see Supplementary Movie S3).
Epididymis at PNW7-12
At the peripubertal PNW7, spermatozoa were detected in the caput (Fig. 6A ) and proximal corpus (Fig. 6B ), but they were still absent in the distal corpus (Fig. 6C ) and the entire cauda (Fig. 6D ). This confirmed that PNW7 corresponds to the arrival of the first wave of sperm in the epididymis, as shown previously (Nilnophakoon 1978 , Sun & Flickinger 1979 , Scheer & Robaire 1980 ). In addition, a large amount of cell debris was detected in the corpus and cauda (Fig. 6B, C, and D) , indicating significant shedding of epithelial cells. At this time point, most basal cells had a dome-shaped appearance and were located underneath adjacent epithelial cells. Only a few basal cells were observed with a body extension that reached the apical pole of the epithelium (arrows in panels B and C). The presence of these luminalreaching cells did not coincide with the arrival of spermatozoa in the lumen.
At the end of PNW8, spermatozoa with normal morphology were present throughout the entire length of the epididymis (Fig. 7) , whereas the VD was still free of spermatozoa (not shown). At this time point, basal cells with a luminal-reaching extension started to reappear in the distal corpus (arrow in Fig. 7A ) and were more prominent in the cauda epididymidis (arrows in Fig. 7B ). In the other epididymal regions, most basal cells remained dome shaped in appearance and were located underneath adjacent epithelial cells (data not shown). No cell debris was detected in the lumen.
At PNW9, similarly to PNW8,in the initial segments and caput, most basal cells had a dome-shaped morphology with no distinct luminal-reaching extensions (not shown), and in the distal corpus, a few basal cells exhibited a body extension that reached towards the lumen (Fig. 8A, arrow) . At this time point, fewer luminal-reaching basal cells were detected in the distal cauda compared with PNW8 (not shown). The number of luminal-reaching basal cells continued to increase at PNW10 and PNW12 in the corpus ( Fig. 8B and C; arrows and arrowheads). Quantitative analysis confirmed that the percentage of basal cells with body projections that reached the apical pole of the epithelium (defined as the body projections reaching the apical region located above the nuclei of adjacent principal cells; arrowheads in panels B and C) became progressively higher in the proximal, middle, and distal corpus at PNW10 and PNW12 compared with PNW9 (Fig. 8D, left panel) . The percentage of basal cells that extended all the way to the apical border (arrows in panels A, B, and C) was also significantly higher at PNW10 and 12 compared with PNW9 (Fig. 8D , right panel).
In agreement with our previous report (Shum et al. 2008) , we found that basal cells extend their narrow body projections toward the junctions between three epithelial cells (tricellular corners; Fig. 9 ). Several patterns of interaction with the TJ barrier were detected. Some basal cells had body projections that reached the tripartite junction, but did not cross it ( Fig. 9A ; see Supplementary Movie S4, see section on supplementary data given at the end of this article), and some basal cells had body projections that crossed the TJs to be in contact with the luminal environment of the epididymal tubule ( Fig. 9B ; see Supplementary Movie S5).
Luminal-reaching basal cells were predominantly observed in the distal corpus and proximal cauda epididymidis.
In addition, from PNW9 to PNW12, we observed a gradual decrease in the height of clear cells in the distal corpus epididymidis from values of 29.1±1.5 µm at PNW9 and 27.5±0.7 µm at PNW10 to 24.5±0.6 µm at PNW12, representing a 12% decrease at PNW12 vs PNW9 (P<0.05). However, we observed no significant changes in the number of basal cells per unit length of circumference and in the percentage of basal cells or clear cells per total number of epithelial cells per unit length of circumference (data not shown). These results showed that while the epididymal tubule has reached its final cell composition at PNW9, basal cells and clear cells were still undergoing postpubertal remodeling.
Regulation of the structural plasticity of basal cells by androgens in adulthood
Our results indicate that basal cells exhibit dynamic morphological plasticity during postnatal development. Epididymal development and maturation are androgen dependent, and we next determined whether the formation of apical-reaching body extensions in basal cells is modulated by androgens. We were particularly intrigued by the plasticity of basal cells during the last stages of maturation, between PNW9 and PNW12. We, therefore, treated 10-week-old rats with flutamide for a period of 2 weeks and compared their basal cells with those of 12-week-old control rats. The effectiveness of flutamide treatment was confirmed by a significant decrease in the intensity of AQP9 in the principal cells of the cauda epididymidis (data not shown), as reported previously . We also detected a significant reduction in the weight of epididymis and accessory sex glands in the flutamide-treated rats compared with control rats (Table 1 ) . A shown in Fig. 10 , a marked reduction in the number of luminal-reaching basal cells was observed in the distal corpus epididymidis of the flutamide-treated rats (Fig. 10B , B′, and B″) compared with control rats (Fig. 10A , A′, and A″ ). This observation was confirmed by quantitative analysis (Fig. 10C ) (P<0.01, two-way ANOVA). We found no change in the total number of basal cells per unit length of circumference, in the percentage of basal cells or clear cells vs total number of epithelial cells, or in the height of clear cells after flutamide treatment compared with control rats (data not shown).
Vas deferens
Examination of the VD during the postnatal and peripubertal periods showed that by day 10 most basal cells had lost their contact with the luminal border and that they maintained a dome-shaped appearance all the way through adulthood (Fig. 11A B, C, D, E, F , G, H, and I). During this time period, they remained abundant and formed a continuous layer at the base of the epithelium, consistent with previous reports (Atanassova et al. 2005) . By contrast, a progressive decrease in the number of V-ATPase-labeled clear cells was observed from PNW5 to PNW12. No cell debris was observed in the VD lumen from day 10 to PNW4. At PNW5, several V-ATPase-positive vesicles were detected in the VD lumen (Fig.  11D, arrows) , whereas no vesicles were detected in the lumen of the epididymis at this time point (data not shown). At PWN6 and PNW7, cell debris and entire cells -several being weakly labeled for V-ATPase -were detected in the lumen (Fig. 11E and F) . By PNW8, the VD lumen was devoid of cell debris, and spermatozoa were still absent in this segment (Fig. 11G ). At PNW9, spermatozoa with normal morphology were detected in the lumen, but dome-shaped basal cells remained. As the epithelium matured from day 10 to PNW7, its overall height became progressively smaller (Fig. 11A, B , C, D, E, and F). Treatment of rats from PNW10 to PNW12 with flutamide did not alter the morphology of basal cells or the overall height of the epithelium (measured as the height of clear cells; 17.4 ± 1.3 µm for the control group vs 15.3 ± 0.9 µm for the flutamide-treated group, from at least 15 cells per rat for four rats; P=0.22).
Discussion
In this study, we found that basal cells in the rat VD and epididymis appear within the epithelia in a spatio-temporal manner during the first 5 PNWs. These results are in agreement with those of previous studies showing that these epithelia are immature at birth and that epithelial cells acquire their differentiated characteristics over a period of several PNWs (Sun & Flickinger 1979 , Hermo et al. 1994 , Breton et al. 1999 , Pastor-Soler et al. 2001 , Rodriguez et al. 2002 , Da Silva et al. 2006 . In particular, using the basal cell marker KRT5, we found that basal cells first appear in the VD at PNW1, then in the cauda at PNW2, and subsequently in more proximal segments of the rat epididymis during PNW3-5. In the mouse epididymis, a similar pattern of retrograde maturation has also been reported (Seiler et al. 1998) , although p63-positive basal cells have been detected as early as postnatal day 5 (Murashima et al. 2011) . By the end of PNW5, basal cells formed a uniform basal layer in all the epididymal regions, except in the initial segments, where this occurred at later time points. As described previously in adulthood (Veri et al. 1993 , Robaire & Viger 1995 , basal cells then sent lateral extensions underneath adjacent epithelial cells and they formed a loose network at the base of the epithelium.
Interestingly, the number of basal cells remained high in the VD from PNW1 to PNW12, while the number of clear cells progressively decreased during the PNW5-8 period. The reduction in the number of clear cells was observed together with the appearance of several V-ATPase-labeled cells in the lumen, indicating selective clear cell shedding. This phenomenon is similar to the removal of proton-secreting V-ATPase-expressing intercalated cells, which also occurs in part via luminal shedding in the developing rat kidney (Kim et al. 1996) .
Origin of basal cells
It has been proposed that during postnatal development epididymal basal cells originate either from an extratubular source (Holschbach & Cooper 2002) or from the differentiation of immature columnar epithelial cells (Sun & Flickinger 1982) . In the present study, we found that at the onset of basal cell differentiation (e.g., at PNW1 in the VD, during PNW2 in the cauda and corpus epididymidis, and at PNW3 in the caput), the newly detectable KRT5-positive basal cells exhibit morphological features similar to adjacent columnar epithelial cells. At this early stage, their nucleus is located at the same level as that of adjacent cells and their cell body occupies the entire height of the epithelium, and they are, therefore, in contact with both the luminal and basolateral sides. These results indicate that basal cells may originate from the non-differentiated columnar epithelial cells, rather than from an extratubular source. In the study carried out by Holschbach & Cooper (2002) , one of the criteria used to identify basal cells was the location of their nucleus at the base of the epithelium. The proposal that basal cells originate from a non-epithelial source was based on several observations including the absence of observed mitotic figures at the base of the epithelium and the fact that after BrdU incorporation 'division of epithelial cells into daughter cells was circumferential (expected if principal cells were to give rise to daughter principal cells) and not radial (expected if principal cells were to give rise to basal cells). However, the availability of new basal cell-specific markers allowed us to determine that epididymal basal cells cannot be solely identified by the location of their nucleus, especially during early postnatal development when they have their nucleus located at the same height as adjacent epithelial cells. In addition, we have previously reported that dendritic cells, the nuclei of which are also located at the base of the epithelium, populate the epididymal tubule (Da . These cells express several markers, including ITGAX (CD11c) and CX3CR1, and a sub-population also expresses the macrophage marker EMR1 (F4/80). This protein has been used in previous studies to identify basal cells in the murine epididymis (Seiler et al. 1998 (Seiler et al. , 2000 , illustrating the difficulty in identifying the exact cell types that populate the base of the epididymal tubule. In addition, we observed no migratory KRT5-positive cells crossing the basement membrane into the VD and epididymal epithelia, a typical phenomenon for cells coming from the circulation such as dendritic cells and macrophages. We, therefore, propose that basal cells arise from the differentiation of the primitive columnar epithelial cells, as has also been suggested in other studies (Martan 1969 , Sun & Flickinger 1979 , 1982 , Francavilla et al. 1987 .
Morphological plasticity of basal cells during postnatal development
Throughout postnatal development, basal cells exhibit variable morphological features. When they first appear within the epithelium (e.g., in the distal cauda at PNW1 and in the caput at PNW2), basal cells resemble adjacent undifferentiated columnar cells and they are in contact with both the apical and basolateral sides of the epithelium. At a later stage when more basal cells (and clear cells) are visible (e.g., in the corpus and caput at PNW3), the apical pole of basal cells becomes narrower, but their nucleus is still located at the same height as adjacent cells. As basal cells progress toward their mature phenotype (from PNW4 and onward in the epididymis), they position their nucleus at the base of the epithelium. During PNW5, 6, and 7 the vast majority of epididymal basal cells have a hemispherical shape and only rare 'luminal-reaching' body extensions are detectable. No obvious morphological difference was detected in basal cells at the time of the arrival of spermatozoa in the lumen of the epididymis and VD, i.e., at pre-and peripubertal time periods. Thus, the luminal-reaching ability of basal cells does not seem to be regulated by the presence of luminal spermatozoa or other luminal factors that might be delivered to the lumen at the time of puberty.
At birth, the plasma concentration of androgens in rats declines sharply from the high fetal levels to a value as low as 1 nM, and it remains low during the first 3 PNWs. The testicular androgen concentration, while still relatively high at birth, also declines by 100-fold during the first 5 PNWs (Lee et al. 1975 , Paz et al. 1980 , Corpechot et al. 1981 . Thus, our observation that basal cells undergo major morphological changes prior to puberty indicates either that low androgen levels are sufficient to initiate and maintain epithelial cell differentiation or that these differentiation processes are regulated by factors other than androgens. We have previously shown that the expression of two markers of epididymal cell differentiation, V-ATPase inclear cells and AQP9 inprincipal cells, is significantly reduced in the epididymis of 25-day-old rats that had been treated during the perinatal period with a gonadotrophin-releasing hormone (GNRH) antagonist (GNRHa), the estrogenic compound diethylstilboestrol (DES), or flutamide (Fisher et al. 2002 , Pastor-Soler et al. 2010 . The expression of these markers was maintained at control levels when testosterone was administered together with DES. We concluded that the effects elicited by DES were due to the inhibition of androgen stimulation secondary to the elevation of estrogen levels. By contrast, a previous study has shown that neonatal administration of GNRHa or flutamide alone did not affect the number of basal cells in the cauda epididymis and VD of rats, whereas the appearance of basal cells is impaired by neonatal exposure of DES (Atanassova et al. 2005) . Interestingly, testosterone administration also maintained the number of basal cells at control values in rats treated with DES, and it was concluded that disruption of the normal androgen-estrogen balance during the neonatal period mediated the delayed basal cell differentiation induced by DES. During embryological development, androgens play an essential role in driving the differentiation of the Wolffian duct to epididymis (Ezer & Robaire 2002 , Rodriguez et al. 2002 , Robaire et al. 2007 , Welsh et al. 2009 ). Deletion of the androgen receptor in the Wolffian duct significantly impaired basal cell differentiation and reduced the number of basal cells in the epididymis of 5-week-old rats. This implied that androgen signaling during the embryonic period, a time of substantial androgen production, is required for the subsequent postnatal differentiation of epididymal basal cells (Murashima et al. 2011) .
Regional regulation of basal cell plasticity
Interestingly, between PNW8 and PNW12, several basal cells were observed with a body projection that extended toward the luminal border of the epithelium. These luminalreaching basal cells reappeared first in the distal cauda epididymidis at PNW8 and then progressively became more abundant from PNW9 to PNW12 in the middle and distal corpus and proximal cauda regions, but only rare luminal-reaching basal cells were detected in other epididymal segments and in the VD.
A significant increase in serum and testicular testosterone levels occurs during this time period (Lee et al. 1975 , Paz et al. 1980 , Scheer & Robaire 1980 , Corpechot et al. 1981 , Turner et al. 1985 , indicating that the epididymis continues to undergo significant remodeling at these later time points and that testosterone might play an important role in the regulation of basal cell plasticity. Indeed, we observed a significant reduction in the number of basal cells with luminal-reaching projections in 12-week-old rats that had been treated for 2 weeks with flutamide compared with control rats. These changes were detected mainly in the corpus region, where luminal-reaching basal cells are normally more abundant. No obvious morphological changes in basal cells in other regions were observed, and they remained hemispherical in nature. The weight of the epididymis and accessory glands and the expression of AQP9 in epididymal principal cells were significantly reduced, demonstrating the effectiveness of flutamide treatment, as reported previously . Thus, our results show that the apical-reaching property of basal cells is regulated by androgen.
Why do basal cells have luminal-reaching projections only in the corpus and proximal cauda of epididymis and not in other epididymal regions in adult rats? Androgens are key regulators of epididymal function in adults, and several androgen receptor effectors have been identified, including insulin-like growth factor (IGF), fibroblast growth factor (FGF), transforming growth factor, vascular endothelial growth factor, and epidermal growth factor (EGF) (Robaire & Viger 1995 , Ezer & Robaire 2002 , Henderson et al. 2006 , Robaire et al. 2007 , Robaire & Hamzeh 2011 . Basal cells in the epididymis and prostate express EGF and FGF receptors (Cotton et al. 2008 , Dube et al. 2012 , but the expression of the other growth hormone receptors in these cells has not been fully established, although some have been detected in the epididymal epithelium (Leheup & Grignon 1993) . Interestingly, IGF1 and FGF10 share region-specific expression profiles that would be compatible with their potential role in the modulation of basal cell luminal projections in the epididymis -i.e., they are expressed at low levels in the caput but at high levels in the corpus (Henderson et al. 2006) . In rats treated with inhibitors of 5α-reductase to prevent DHT formation, the most potent androgen agonist in the epididymis, the expression of both IGF1 and FGF10 has been shown to be significantly downregulated (Henderson et al. 2006) . This effect occurred only in the corpus and cauda regions, indicating that these receptors might be involved in the region-specific androgen-dependent plasticity of basal cells in adult rats.
Are basal cells involved in the renewal of the epithelium?
Basal cells have been considered as the source of cell renewal in adult pseudostratified epithelia, such as the airway tract, the mammary gland, and the prostate (Rizzo et al. 2005 , Chen et al. 2009 , Rock et al. 2009 , Cole et al. 2010 , Van Keymeulen et al. 2012 . In this study, we found that while clear cells appeared simultaneously with basal cells in the different epididymal regions during postnatal development, they were detected at a discrete distance from each other at their onset of differentiation. No cells transiently expressing both KRT5 and V-ATPase or KRT5 and AQP9 (data not shown) were observed during the first 2 PNWs. These results are consistent with those of a previous study showing that basal cells are not required to direct or support the differentiation of principal and narrow/clear cells in the murine epididymis (Murashima et al. 2011) . Thus, the present study confirms that basal cells are not the progenitors of clear cells or principal cells during early development. However, a previous study has suggested that normal timing of basal cell development during the perinatal period is a key determinant for the appropriate development of the cauda epididymis and VD (Atanassova et al. 2005) . Our data do not exclude the possibility that basal cells might renew epididymal epithelial cells under particular conditions.
Summary
This study showed that epididymal basal cells originate from undifferentiated columnar epithelial cells. Basal cell differentiation occurs in an ascending pattern, starting in the VD during the first PNW and appearing progressively in more proximal regions from PNW2 to PNW5. By PNW6, basal cells form a network that covers a large area of the base of the epithelium of all the epididymal segments. Basal cells exhibit significant structural plasticity during differentiation. First, they are similar to adjacent columnar cells. They then become triangular in shape with a narrow apical pole that is still in contact with the luminal side of the epithelium. As they progress toward maturation, their nucleus moves to the basal pole and their apical body becomes narrower. At around PNW5, most basal cells would have retracted their narrow body and they nestle underneath epithelial cells. Between PNW8 and PNW12, many basal cells in the corpus and cauda extend a narrow body projection that reaches toward the lumen. These extensions were significantly decreased in 12-week-old rats that had been treated with flutamide for 2 weeks. Overall, our results indicate that the apical-reaching property of basal cells is not triggered by the presence of spermatozoa in the lumen of the epididymis, but that it is regulated by androgen in adult rats. Thus, androgens are necessary for basal cells to perform the luminal-sensing function that we previously uncovered in the epididymis of adult rats (Shum et al. 2008) .
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Progressive appearance of basal cells in the VD and then in the cauda, corpus, and caput epididymidis during the first 3 postnatal weeks. Mosaic images showing that basal cells (labeled for KRT5) progressively appear first in the VD at PNW1 (A; arrows), then in the distal cauda epididymidis at PNW2 (C), and eventually in all the epididymal regions at PNW3 (D and E) . No basal cells are seen in the epididymis at PNW1 (A), and only occasional basal cells can be detected in the proximal cauda, corpus, and caput at PNW2 (B and C). dCD, distal cauda; pCD, proximal cauda; CPS, corpus; CPT, caput. Bars=500 µm. Epididymis at PNW7. At PNW7, spermatozoa with normal morphology are present in the lumen of the caput (A) and in some of the proximal corpus regions (B), but they are still absent in the distal corpus (C) and cauda epididymidis (D). Double labeling for KRT5 (red) and V-ATPase (green) showed that the vast majority of basal cells have a hemispherical shape and that only rare basal cells have a luminal-reaching body projection (arrows in B). No relationship was observed between the presence of sperm in the lumen and the formation of basal cell luminal-reaching body projections. In addition, some cells can be detected in the lumen prior to the arrival of spermatozoa in the proximal and distal corpus and in the cauda epididymidis (asterisks in B and D). Some, but not all, are weakly labeled for VATPase. Nuclei are labeled with DAPI in blue. CPT, caput; pCPS, proximal corpus; dCPS, distal corpus; dCD, distal cauda. Scale bars: 20 µm. Epididymis at PNW9, 10, and 12. In the distal corpus, the number of basal cells (labeled for KRT5; red) with luminal-reaching extensions increases progressively from PNW9 (A) to PNW10 (B) and PNW12 (C). Some basal cells show a body projection that reaches the apical pole of the epithelium (arrowheads) (defined as the region located above the nuclei of adjacent V-ATPase-negative principal cells (negative for the clear cell marker V-ATPase (green)).In some basal cells, the extension reaches all the way tothe apical border of the epithelium (arrows). Nuclei are labeled with DAPI in blue. Scale bars: 25 µm. (D) Left: quantitative analysis showing that the numberof basal cells with body projections reaching the apical pole of the epithelium (defined as the region located above the nuclei of adjacent epithelial cells) progressively increases from PNW9 to PNW12 in the proximal, middle, and distal corpus. At PNW12, more luminal-reaching cells can be detected in the middle and distal corpus than in the proximal corpus. Right: the number of basal cells that project their body extensions all the way to the apical border of the epithelium also increased from PNW9 to PNW12 in all the corpus regions examined. These numbers were normalized for the total number of basal cells present in each tubule section examined. *P<0.05, **P<0.01, and ***P<0.001 by two-way ANOVA. pCPS, proximal corpus; mCPS, middle corpus; dCPS, distal corpus. Basal cells send projections toward the epididymal lumen. 3D reconstructions of corpus epididymal sections of a 12-week-old rat labeled for KRT5 (red) and ZO1 (green). (A) A basal cell extending its body projection to reach the tight junction at the intersection between three epithelial cells (arrow; see Supplementary Movie S4). This cell is not in contact with the lumen. (B) A basal cell (labeled in red for KRT5) having its narrow body projection in contact with the luminal side of the epithelium. The tricellular corner formed by the tight junction (labeled in green for ZO1) located at the point of contact of the basal cell extension is open (arrow), while other tripartite junctions (arrowheads) are tightly connected (see Supplementary Movie S5). Colored arrows in panels A and B indicate the 3D X (green), Y (red), and Z (blue) axes, and 3D spatial representation is illustrated by the cross-hatched sphere. DNA in sperm and nuclei is visualized with DAPI in blue. Scale bars: 10 µm. After flutamide treatment, the number of basal cells showing body projections reaching the apical pole and reaching the luminal border was significantly decreased to 30±3 and 7±2% respectively. Data were obtained from 10-mm stacks of Z-series images acquired at 2-µm intervals using a 90i NIKON microscope with a 20× objective. Images were processed using Volocity 5.1. Data represent those obtained from the analysis of four integrated images from five rats per group. **P<0.01 and ***P<0.001 by two-way ANOVA. Table 1 Absolute and relative weights of the reproductive organs in adult control and flutamide-treated rats.
Group
Control Flutamide treated
Body weight (g) 394±9 414±7
Testes ( 
